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ABSTRACT: Poly(ethylene 2,6-naphthalate) (PEN) and
poly(ethylene terephthalate) (PET) composite fibers rein-
forced with a thermotropic liquid crystal polymer (TLCP)
were prepared by the melt blending and spinning process to
achieve high performance fibers with improved processabil-
ity. Polymer composite fibers consisting of cheap polyester
and small quantity of expensive TLCP are of interest from an
economic point of view and from an industrial perspective.
The increase in the birefringence and density of the TLCP/
PEN/PET composite fibers with the spinning speed was
attributable to the enhancement of the molecular orientation
and effective packing between chains in the TLCP/PEN/

PET composite fibers. Annealing process resulted in the
formation of more ordered and perfect crystalline structure
and higher crystallinity, improving the mechanical proper-
ties of the TLCP/PEN/PET composite fibers. The increase in
the crystallite size and the degree of chain extension with
increasing spinning speed resulted in the gradual increment
of the long period for the TLCP/PEN/PET composite fibers.
© 2005 Wiley Periodicals, Inc. J Appl Polym Sci 99: 2211–2219, 2006
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INTRODUCTION

As various industries have been developed rapidly,
there has been a great interest in a wide range of
applications of high performance polymers and fibers
as advanced industrial materials. Moreover, polymer
composites with high mechanical strength and good
processability have been extensively investigated not
only for scientific interest but also from an industrial
perspective, because of their interesting properties
and potential applications as well as their growing
industrial importance. In particular, the melt blends
based on poly(ethylene 2,6-naphthalate) (PEN) and
poly(ethylene terephthalate) (PET) has been attractive
because of significant improvement of their perfor-
mance by combining the excellent properties of PEN
with the economical efficiency of PET.1–6

For the past two decades, thermotropic liquid crys-
tal polymers (TLCPs) have attracted a great deal of
interest from fields ranging from the industrial to the
scientific because of their excellent mechanical prop-
erties and thermal stability, resulting in their applica-
tion as higher performance engineering plastics and
fibers.6–8 However, despite this advantage and exten-

sive research into TLCP, its application is limited be-
cause of the high cost of the monomer. For this reason,
much research and development in TLCP processing
has been carried out to reduce the costs by employing
melt blending with a less expensive material. The melt
blending of polymers is an effective method for en-
hancing the specific properties of each component. In
particular, the melt blends consisting of cheaper com-
modity polyester and a small mass of the expensive
TLCP are of interest from an economic point of view.
Furthermore, thermoplastic polymer melt blends are
easier to process, and the reinforcement effect of the
polymer matrix and the reduction in melt viscosity
leads to the formation of fine fibrils, even with small
concentration of TLCP. Therefore, the melt blends of
TLCPs and thermoplastic polymers have been one of
the extensive scientific and engineering research fields
because of their potential application for high perfor-
mance polymers.9–20

As high performance polymers commonly involve
high costs and are difficult to process, it is very im-
portant to reduce their processing costs without losing
any of their mechanical properties. Because of its low
melt viscosity, the incorporation of small concentra-
tion of TLCP can effectively reduce the melt viscosity
of polymer blends, thereby enhancing their process-
ability.20–22 In general, the TLCP can be oriented to
form fibrils during the melt processing, and then de-
veloped into high oriented fibrillar structure, leading
to the reinforcement effect of the polymer matrix and
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easier processing. These characteristics make it possi-
ble for the TLCP to be utilized in high performance
fibers with conventional melt spinning. The melt spin-
ning is the most effective and economical method for
producing the synthetic fibers, which provides the
means for obtaining various kinds of polymer struc-
tures.23 Therefore, the polyester composite fibers rein-
forced with a small mass of TLCP produced by con-
ventional melt blending and spinning process have
the higher possibility to be used practically in the
advance industrial fibers that demand high perfor-
mance and low cost, from an economic point of view
and an industrial perspective. The structure and prop-
erty relations of TLCP and their blends must be de-
veloped that predict the thermal, rheological, and me-
chanical properties of polymer composites, to facilitate
the development of TLCP-reinforced polymer com-
posites.

Although many studies on the fundamental aspects
of fiber formation and on the structural development
during melt spinning have been carried out, little re-
search and development into low-cost and high-per-
formance composite fibers has been performed. In this
research, TLCP/PEN/PET composite fibers were pre-
pared by melt blending and spinning process to im-
prove fiber performance with good processability and
even lower processing cost. The objective of this re-
search is to facilitate synergistic effects, especially to
produce high performance industrial fibers that have
optimized combination of excellent properties of
TLCP with high performance of PEN/PET compos-
ites. Effect of incorporating TLCP on the structure and
fiber properties of the polyester composite fibers was
investigated, and the structure and property relation-
ship of the TLCP/PEN/PET composite fibers is dis-
cussed.

EXPERIMENTAL

Materials and preparation of TLCP/PEN/PET
composite fibers

The conventional thermoplastic polymers used were
the PEN with an intrinsic viscosity of 0.93 dL/g, and
the PET with an intrinsic viscosity of 1.07 dL/g, sup-
plied by the Hyosung Corp., Korea. The TLCP used
was a flexible semiaromatic copolyester synthesized
from poly(p-hydroxybenzoate) (PHB) and PET with a
molar ratio of 80 : 20, purchased from the Unitika Co.
Ltd., Japan. According to the supplier, the TLCP has
an intrinsic viscosity of 0.55 dL/g, determined at 30°C
in a phenol/tetrachloroethane (50 : 50, v/v) mixture.
The glass transition temperature and melting temper-
ature of TLCP were 79 and 286°C, respectively. All the
materials were dried at 120°C in vacuo for at least 24 h
before use, to minimize the effect of moisture. The
polyester composites reinforced with a TLCP were

prepared by a melt blending process in a Haake rhe-
ometer (Haake GmbH, Germany) equipped with a
twin screw. For the fabrication of TLCP/PEN/PET
composites, the temperatures of the heating zones
from the hopper to the die were set to 270, 285, 285,
and 275°C, respectively, and the screw speed was
fixed at 20 rpm. The predetermined blend composi-
tions of the PEN/PET and the TLCP/PEN/PET com-
posites were 75 : 25 and 10 : 67.5 : 22.5 by weight ratio,
respectively. All the materials to be melt-spun were
predried at 110°C in vacuo for 5 h. Blended polymer
chips were melt-spun in the extruder that had a four-
hole spinneret with a diameter of 0.5 mm, and the
output rate was controlled at 5 g/min per hole. Melt
spinning was carried out with spinning speeds in the
range of 0.5–2.5 km/min. To investigate the effect of
annealing on the structure and properties of the
TLCP/PEN/PET composite fibers, we performed the
annealing process at 180°C for 2 h in the heating oven
at a fixed length, which was determined to be the
optimum annealing condition from our previous re-
search.15,16

Characterizations

The complex viscosities of the PEN/PET composite
fibers and the TLCP/PEN/PET composite fibers as a
function of angular frequency were measured at 280°C
using an advanced rheometric expansion system
(ARES, Rheometric Scientific, Inc.) on which a 25-mm
diameter parallel-plate was mounted. The plate gap
was set at 1 mm, and the applied strain level was 10%
in the frequency range of 0.05–450 rad/s. The birefrin-
gence (�n) of the TLCP/PEN/PET composite fibers
was measured using a Nikon polarizing microscope
equipped with a K tilting compensator (Wild Leitz
Ltd., Germany). The density of the TLCP/PEN/PET
composite fibers was measured at 25°C with a density
gradient column filled with carbon tetrachloride and
n-heptane. The WAXD analysis were preformed using
a Rigaku Denki X-ray diffractometer with Ni-filtered
Cu K� X-rays (� � 0.1542 nm). The diffracting inten-
sities were recorded at steps of 2� � 0.05° over the
range of 5° � 2� � 40°. The degree of crystallinity was
calculated with a curve-fitting procedure suggested by
Blundell and Osborn.24 Broad Gaussian peaks were
used to fit the amorphous halo, and the crystalline
peaks were fitted to Gaussian functions. Synchrotron
small angle X-ray scattering (SAXS) measurements
were performed at the SAXS beamline facility of the
Pohang Accelerator Laboratory (PAL) in Korea. The
X-ray wavelength used was 0.1542 nm, and the beam
size at the focal point was less than 1 mm2, focused by
platinum-coated silicon premirror through a double
crystal monochromator. The mechanical properties of
the TLCP/PEN/PET composite fibers were measured
at room temperature using an Instron 4465 tensile
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testing machine equipped with standard fiber grips,
according to the procedures in the ASTM D 638 stan-
dard. The gauge length was set to 20 mm, and the
crosshead speed was set to 5 mm/min. The results
represented the averages over at least 10 individual
measurements. The morphologies of the TLCP/PEN/
PET composite fibers were observed with a Hitachi
SEM S-4200 scanning electron microscope. The mea-
sured TLCP/PEN/PET composite fibers were broken
in liquid nitrogen, and then the fracture surfaces were
sputter-coated in vacuo with gold before scanning to
prevent charging in the electron beam. For the obser-
vation of TLCP fibrils, the TLCP/PEN/PET composite
fibers were treated with an o-chlorophenol solution at
55°C for 2 h to dissolve the polymer matrix from the
TLCP/PEN/PET composite fibers. The thermal be-
haviors of the TLCP/PEN/PET composite fibers was
investigated using a TA Instrument 2010 differential
scanning calorimeter (DSC) under nitrogen atmo-
sphere in the temperature range of 60–300°C with a
heating rate of 10°C/min. Thermogravimetric analysis
(TGA) was performed using a TA Instrument 2960
TGA in the temperature range 30–800°C with a heat-
ing rate of 10°C/min under a nitrogen atmosphere.

RESULTS AND DISCUSSION

The complex viscosities of the PEN/PET composite
fibers and the TLCP/PEN/PET composite fibers as a
function of frequency are shown in Figure 1. Com-
pared with the PEN/PET composite fibers, the com-
plex viscosity of the TLCP/PEN/PET composite fibers
was decreased on the addition of TLCP at all fre-
quency ranges, indicating the possibility of improving
processability and the potential applications for poly-
mer composite fibers reinforced with a TLCP. Thus,

the incorporation of small quantity of TLCP, because
of its relatively low melt viscosity, can reduce the melt
viscosity of the PEN/PET composites, thereby en-
hancing the processability of the TLCP/PEN/PET
composite fibers. The dependence of the density of the
TLCP/PEN/PET composite fibers on the spinning
speed is shown in Figure 2. The density of the TLCP/
PEN/PET composite fibers was increased with the
spinning speed, which was attributed to the enhance-
ment of the packing between the chains and the de-
velopment of more densely packed fiber structure in
the TLCP/PEN/PET composite fibers.25

The dependence of the birefringence of the TLCP/
PEN/PET composite fibers on the spinning speed and
annealing is shown in Figure 3. The birefringence of
the TLCP/PEN/PET composite fibers increased with
the spinning speed, indicating that the TLCP/PEN/
PET composite fibers changed into more oriented fi-
bers by higher spinning speed. An increase in the
shear stress with increasing spinning speed resulted in
a higher degree of the molecular orientation during
melt spinning, and the orientation process increased
the crystallinity by orienting molecules.23,26 The in-
creased birefringence of the TLCP/PEN/PET compos-
ite fibers at higher spinning speeds may be caused by
the stress-induced crystallization.21,23,26 The growth of
crystals with high degree of orientation in the stress-
induced crystallization resulted in the higher crystal-
linity, leading to the development of the molecular
orientation and higher birefringence. In addition, the
increase in the birefringence of the TLCP/PEN/PET
composite fibers with increasing spinning speed was
attributed to the oriented crystal growth in the TLCP/
PEN/PET composite fibers, together with the fact that
more ordered TLCP domains could form preferen-
tially oriented fibrils parallel to the flow direction. The
birefringence value of the annealed TLCP/PEN/PET
composite fibers was higher than that of the unan-

Figure 2 Effect of spinning speed on the density of TLCP/
PEN/PET composite fibers.

Figure 1 Complex viscosities of the PEN/PET composite
fiber and TLCP/PEN/PET composite fiber as a function of
angular frequency.

STRUCTURE–PROPERTY RELATIONS OF TLCP/PEN/PET FIBERS 2213
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nealed TLCP/PEN/PET composite fibers, suggesting
that annealing process improved the molecular orien-
tation and the crystallinity. As shown in Figure 3, the
increase in the degree of crystallinity for the TLCP/
PEN/PET composite fibers with increasing spinning
speed indicated that more ordered and oriented crys-
tallites were developed in the TLCP/PEN/PET com-
posite fibers with increasing spinning speed. The an-
nealed TLCP/PEN/PET composite fibers exhibited
higher degree of crystallinity when compared with the
unannealed TLCP/PEN/PET composite fibers. There-
fore, the development of more ordered crystalline
structures in the annealed TLCP/PEN/PET composite
fibers resulted in the increment of the degree of crys-
tallinity for the annealed TLCP/PEN/PET composite
fibers by higher spinning speed and annealing pro-
cess. From the above results, it was expected that the
increase in the molecular orientation and the degree of
crystallinity will improve the tensile strength and ten-
sile modulus of the TLCP/PEN/PET composite fibers.

The WAXD profiles of the TLCP/PEN/PET com-
posite fibers fabricated at various spinning speeds are
shown in Figure 4. For the unannealed TLCP/PEN/

PET composite fibers, no crystalline peaks were ob-
served except for the characteristic peak of the inter-
molecular packing of the PHB component in TLCP.
The quick cooling speed of as-spun fibers during melt
spinning process may cause no crystalline peak in the
TLCP/PEN/PET composite fibers. In addition, the
PEN and the PET were difficult to form the crystalline
structure in ternary blend fiber, and the block or ran-
dom copolymers produced by transesterification reac-
tions may disturb the development of the crystalline
structure in the TLCP/PEN/PET composite fibers. In
our previous papers,3–5 it was also reported that dur-
ing melt blending, transesterification reactions oc-
curred, which first produced block copolymers and
then proceeded to form a random copolymers. How-
ever, the annealed TLCP/PEN/PET composite fibers
exhibited three characteristic crystalline peak, which
was attributed to the (010), (�110), and (100) reflec-
tions, indicating the crystalline structures of the PEN
and PET components. This result means that more
perfect crystalline structures in the TLCP/PEN/PET
composite fibers were achieved through annealing
process. In addition, the intensities of the diffraction
peaks increased with the spinning speed, which was
attributed to the development of more ordered and
perfect crystallites in the annealed TLCP/PEN/PET
composite fibers. The WAXD profiles of the annealed
TLCP/PEN/PET composite fibers indicating the de-
velopment of more ordered and oriented crystalline
structure also corresponded with the increase in the
degree of crystallinity for the annealed TLCP/PEN/
PET composite fibers, as shown in Figure 3. The ap-
parent crystallite size (Lhkl) in the TLCP/PEN/PET
composite fibers was calculated with Scherrer’s equa-
tion27:

Lhkl �
K�

� cos �
(1)

Figure 4 WAXD profiles of the annealed TLCP/PEN/PET
composite fibers in relation to the spinning speed.

Figure 3 Changes in the birefringence and the degree of
crystallinity of (a) the TLCP/PEN/PET composite fibers and
(b) annealed TLCP/PEN/PET composite fibers in relation to
the spinning speed.

2214 KIM AND KIM
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where � is the half-width of the reflection peak, � is the
Bragg angle, K is a correction factor (K � 0.9), and � is
the wavelength of the X-ray beam. The interplanar
spacing (d) and the number of repeat units per crystal
(N) in the TLCP/PEN/PET composite fibers were cal-
culated with the Bragg equation, n� � 2d sin�, and N
� Lhkl/d, respectively. The apparent crystallite size of
the TLCP/PEN/PET composite fibers calculated with
Scherrer’s equation is shown in Table I. According to
the Scherrer’s equation,27 the narrow diffraction peaks
in the WAXD profiles are related to crystals that were
large in the direction perpendicular to the observed
crystal plane, and it suggests that the lateral dimen-
sions of the crystals in the fibers spun at high spinning
speeds were relatively well developed.27 The Lhkl and
N in the annealed TLCP/PEN/PET composite fibers
were increased with the spinning speed, suggesting
that the crystallites were larger in all dimensions when
they were formed at higher spinning speeds, and
more perfect crystalline structures were developed in
the TLCP/PEN/PET composite fibers. These varia-
tions in the structural parameters of the annealed
TLCP/PEN/PET composite fibers are similar to the
trend observed in the results for the degree of crystal-
linity for the annealed TLCP/PEN/PET composite
fibers. Therefore, the increase in the Lhkl was associ-
ated with the development of larger crystallites and
more ordered crystalline structures in the annealed
TLCP/PEN/PET composite fibers, with increasing
spinning speed. From the above results, it was ex-
pected that the increase in the crystallinity or the
number of crystallites in the TLCP/PEN/PET com-
posite fibers would improve the tensile strength and
tensile modulus of the annealed TLCP/PEN/PET
composite fibers.

The SAXS profiles of the TLCP/PEN/PET compos-
ite fibers fabricated at various spinning speeds are
shown in Figure 5. In the case of the unannealed
TLCP/PEN/PET composite fibers, only diffuse scat-
tering curve without the scattering maximum (qmax)
was observed, while the scattering maximum ob-
served in the annealed TLCP/PEN/PET composite
fibers shifted to a lower scattering angle with increas-
ing spinning speed. In addition, the scattering inten-

sity of the annealed TLCP/PEN/PET composite fibers
increased with increasing spinning speed. The proce-
dure for estimating the morphological parameters
from the SAXS profiles of polymers reported by
Verma et al.28,29 involves the use of correlation func-
tion to obtain the morphological parameters such as
long period, lamellar thickness, and amorphous inter-
lay thickness. From the Lorentz-corrected SAXS pro-
files shown in Figure 6, the average long period asso-
ciated with the lamellar stacks can be calculated using
Bragg relation, L � 2�/qmax (where q � 4�sin�/� is
the scattering vector and � is the scattering angle). The
average long period (L) represents the sum of the
average thickness of the crystal lamellar thickness (lc)
and of the interlamellar amorphous layer thickness
(la). The variations of the morphological parameters
for the annealed TLCP/PEN/PET composite fibers are
shown in Figure 7. The values of L and lc increased
gradually with increasing spinning speed, while the la
value decreased. The gradual increase in the L value of
the annealed TLCP/PEN/PET composite fibers with
increasing spinning speed may be attributed to both
the increase in the crystallite size with the spinning
speed and annealing process and the increase in the
degree of the chain extension with the spinning speed.

TABLE I
Structural Parameter of the TLCP/PEN/PET Composite Fibers

Spinning
speed

(km/min)

Apparent crystallite size, Lhkl
(Å) Interplanar spacing, d (Å)

Number of repeating unit per
crystal, N

(010) (�110) (100) (010) (�110) (100) (010) (�110) (100)

0.5 19.4 12.4 11.9 5.80 3.86 3.34 3.34 3.21 3.56
1.0 25.4 14.7 13.2 5.77 3.82 3.33 4.40 3.85 3.96
1.5 28.7 19.0 19.5 5.81 3.85 3.36 4.94 4.94 5.80
2.0 31.3 24.9 24.4 5.86 3.88 3.36 5.31 6.42 7.26
2.5 34.3 29.5 28.7 5.77 3.83 3.36 5.94 7.70 8.54

Figure 5 SAXS profiles of the annealed TLCP/PEN/PET
composite fibers in relation to the spinning speed.

STRUCTURE–PROPERTY RELATIONS OF TLCP/PEN/PET FIBERS 2215
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The tensile strength and tensile modulus of the
PEN/PET composite fibers and the TLCP/PEN/PET
composite fibers fabricated at the melt-spinning speed
of 1 km/min are shown in Table II. The tensile
strength and tensile modulus of the TLCP/PEN/PET
composite fibers were higher than that of the PEN/
PET composite fibers, indicating that the incorpora-
tion of TLCP into the polymer matrix increased the
mechanical properties of polyester composite fiber be-
cause of the reinforcement effect of the polymer ma-
trix by TLCP. In addition, the tensile strength and
modulus of the PEN/PET composite fibers and the
TLCP/PEN/PET composite fibers were increased by
annealing. In general, annealing process is one of the
effective methods to improve the properties of as-
spun fibers such as strength, modulus, and thermal

stability. The dependence of the tensile strength and
tensile modulus of the TLCP/PEN/PET composite
fibers on the spinning speed before and after anneal-
ing is shown in Figure 8. The tensile strength and
modulus of the TLCP/PEN/PET composite fibers
were increased with increasing spinning speed. This
result suggested that more ordered and oriented struc-
tures with well-distributed TLCP having high aspect
ratio were developed in the TLCP/PEN/PET compos-
ite fibers. In general, the molecular orientation and the

Figure 6 Lorentz-corrected SAXS profiles of the annealed
TLCP/PEN/PET composite fibers in relation to the spinning
speed.

Figure 7 Morphological parameters of the annealed
TLCP/PEN/PET composite fibers in relation to the spinning
speed.

TABLE II
Tensile Strength and Modulus of the Polyester

Composite Fibers

Sample codes

Before annealing After annealing

Tensile
strength
(MPa)

Tensile
modulus

(GPa)

Tensile
strength
(MPa)

Tensile
modulus

(GPa)

PEN/PET 32.5 2.2 40.6 2.6
TLCP/PEN/

PET 71.1 3.1 90.5 3.6

Figure 8 Tensile strength and modulus of (a) the TLCP/
PEN/PET composite fibers and (b) the annealed TLCP/
PEN/PET composite fibers in relation to the spinning speed.

2216 KIM AND KIM
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degree of crystallization increase with the spinning
speed, and as-spun fibers attains higher chain orien-
tation, i.e., high orientation fibers were prepared by
high speed spinning process.23 The improvement of
the tensile modulus of the TLCP/PEN/PET composite
fibers with increasing spinning speed may be ex-
plained by the existence of the oriented phase of TLCP
molecules in the TLCP/PEN/PET composite fibers,
possibly as fibrillar structures, together with the result
that the birefringence of the TLCP/PEN/PET compos-
ite fibers was increased with the spinning, resulting in
the increase in the overall orientation. Similar results
of the improvement of the mechanical properties by
the oriented TLCP fibrillar structure in the polymer
composites fibers have also been reported in our pre-
vious research.16 As shown in Figure 9, fibrillar struc-
tures of the TLCP/PEN/PET composites fibers with
TLCP fibrils of diameters below 1 �m can be observed,
despite some beaded or defective fibrils. As the spin-
ning speed was increased, more fine TLCP fibrils were
formed in the TLCP/PEN/PET composite fibers and
their aspect ratio was increased. The improvement of
the mechanical properties of the TLCP/PEN/PET
composite fibers was also attributed to the function of
the reinforcing agent of TLCP well-dispersed in the
polyester matrix.30,31 Therefore, in the case of the poly-
ester composite fibers reinforced with a TLCP as the
minor component, the enhancement of the tensile
strength and modulus is caused by the formation of
highly elongated TLCP domains parallel to the flow

direction, resulting in the higher molecular orientation
and the reinforcement effect of the polymer matrix by
TLCP component. In addition, the tensile strength and
modulus of the annealed TLCP/PEN/PET composite
fibers were improved with increasing spinning speed
when compared with the unannealed TLCP/PEN/
PET composite fibers, as shown in Figure 8. This result
was also related to the results of WAXD and SAXS
analysis. In commercial processing, annealing is re-
quired to improve fiber performance with respect to
parameters such as strength, modulus, and thermal
stability. The improvement of the tensile strength and
modulus of the annealed TLCP/PEN/PET composite
fibers at all spinning speed suggested that the anneal-
ing process increased the crystallinity for the TLCP/
PEN/PET composite fibers because amorphous region
was crystallized and that the crystalline structures of
the TLCP/PEN/PET composite fibers became more
ordered and perfect by annealing. The dependence of
the elongation at break of the TLCP/PEN/PET com-
posite fibers on the spinning speed is shown in Figure
10. The elongation at break of the TLCP/PEN/PET
composite fibers decreased with increasing spinning
speed, suggesting that lower elongation at break of the
TLCP/PEN/PET composite fibers may be attributed
to the improvement of the molecular orientation with
increasing spinning speed.

The relationship between the birefringence and me-
chanical properties of the TLCP/PEN/PET composite
fibers is shown in Figure 11. A linear relationship
between the birefringence and mechanical properties
of the TLCP/PEN/PET composite fibers was ob-
served. This result suggests that the molecular orien-
tation, as represented by the value of birefringence,
has a significant influence on the tensile strength and
modulus of the TLCP/PEN/PET composite fibers.
Therefore, it can be deduced that the molecular orien-

Figure 10 Effect of the spinning speed on the elongation at
break of the TLCP/PEN/PET composite fibers.

Figure 9 SEM micrographs of the cross sections of TLCP
fibrils prepared by the extraction of the polymer matrix from
the TLCP/PEN/PET composite fibers melt-spun at (a) 1.0
km/min and (b) 2.5 km/min.

STRUCTURE–PROPERTY RELATIONS OF TLCP/PEN/PET FIBERS 2217
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tation is a decisive factor in controlling the mechanical
properties of the TLCP/PEN/PET composite fibers.

The TGA results of the PEN/PET composite fibers
and the TLCP/PEN/PET composite fibers melt-spun
at the spinning speed of 1 km/min are shown in Table
III. The incorporation of TLCP component has little
effect on the glass transition temperature (Tg). The
thermal degradation temperature (Td) and the residual
yield in the TGA at 800°C of the TLCP/PEN/PET
composite fibers were higher than those of the PEN/
PET composite fibers, and it may be due to high heat
resistance exerted by TLCP component. Therefore, the
incorporation of TLCP improved the thermal stability
of the PEN/PET composite fibers, suggesting that
TLCP may act as a thermal stabilizer in the TLCP/
PEN/PET composite fibers. The DSC thermograms of
the TLCP/PEN/PET composite fibers with the spin-
ning speed are shown in Figure 12. As the spinning
speed was increased, the cold crystallization temper-
atures (Tcc) of the TLCP/PEN/PET composite fibers
shifted to lower temperatures, and then disappeared
at the spinning speed of 2.5 km/min. This result was
related to the reduction of entropy with preferential
orientation during melt spinning, and more oriented
chains required lower thermal energy to crystallize,
resulting in the occurrence at lower temperature.32

The decrease in the Tcc and the area of the cold crys-

tallization peak with increasing spinning speed were
attributed to the development of the molecular orien-
tation in the TLCP/PEN/PET composite fibers, to-
gether with the fact that the noncrystalline molecules
are more oriented with increasing spinning speed be-
fore the initial crystallization, leading to easier occur-
rence of the cold crystallization during the DSC heat-
ing scans.33 As the spinning speed increases, more
molecular orientation is occurred in the as-spun fibers
prior to solidification, and then increases the crystal-
linity of the fibers.33 The variations of the melting and
cold crystallization temperatures for the TLCP/PEN/
PET composite fibers with the spinning are shown in
Figure 13. At the spinning speed of 2.5 km/min, the
melting temperature (Tm) was increased slightly and
the Tcc disappeared. This result was similar to the
relation between cold crystallization and melting in

Figure 11 Relationship between the birefringence and me-
chanical properties of the TLCP/PEN/PET composite fibers.

TABLE III
Thermal Behaviors of the Polyester Composite Fibers

Sample code Tg (°C) Td (°C)a Char yield (%)b

PEN/PET 106.2 405.9 24.3
TLCP/PEN/PET 106.4 410.2 27.5

a 5% weight loss temperature in TGA at a heating rate of
10°C/min under nitrogen.

b Residual yield in TGA at 800°C under a nitrogen atmo-
sphere.

Figure 12 DSC thermograms of the TLCP/PEN/PET com-
posite fibers in relation to the spinning speed.

Figure 13 Variations of the melting and cold crystallization
temperatures of the TLCP/PEN/PET composite fibers in
relation to the spinning speed.
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the high-speed melt spinning of PET fibers.34 Shimizu
et al. reported that in the high-speed melt spinning of
PET fibers, the spinning speed at which the thermal
behavior of as-spun fibers changed was attributed to
higher molecular orientation in the as-spun fibers, and
the birefringence value at which this conversion oc-
curred was greater than 0.06.34 In this study on the
melt spinning of the TLCP/PEN/PET composite fi-
bers, the birefringence of the TLCP/PEN/PET com-
posite fibers was �0.075 at the spinning speed of 2.5
km/min. In addition, the Tm of the TLCP/PEN/PET
composite fibers was increased slightly at the spinning
speed of 2.5 km/min. This result was attributable to
both the increase in the apparent crystallite size and
the formation of more perfect crystalline structures
with increasing spinning speed and the development
of highly ordered crystalline structures in the melt
spinning.33–36

CONCLUSIONS

The TLCP/PEN/PET composite fibers were prepared
by melt blending and spinning processes to improve
fiber performance with good processability. The incor-
poration of TLCP component into the polymer matrix
reduced the complex viscosity of the polyester com-
posites, thereby enhancing their processability. The
increase in the birefringence and density of the TLCP/
PEN/PET composite fibers with the spinning speed
resulted from the improvement of molecular orienta-
tion and effective packing between chains. As the
spinning speed increased, apparent crystallite size and
the number of repeating unit per crystal in the TLCP/
PEN/PET composite fibers increased, indicating that
larger crystallites and more ordered crystalline struc-
ture were developed in the TLCP/PEN/PET compos-
ite fibers. The increase in the crystallite size and the
degree of chain extension with the spinning speed
resulted in the gradual increase in the long period for
the TLCP/PEN/PET composite fibers. The improve-
ment of the tensile strength and modulus of the
TLCP/PEN/PET composite fibers with increasing
spinning speed was attributed to both the reinforce-
ment effect of the polymer matrix by TLCP and the
development of more ordered and oriented structures
with well-distributed TLCP. The molecular orienta-
tion was a critical factor in determining the tensile
strength and modulus of the TLCP/PEN/PET com-
posite fibers.
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